In phylogenetic analyses, multiple sequence alignment often seems to be the poor cousin to tree building. It has long been recognized that both primary homology assessment (alignment) and secondary homology assessment (tree building) can have important effects on phylogenetic analyses (Morrison and Ellis 1997) , and this has been repeatedly demonstrated for both empirical and simulated data (see references cited by Morrison 2008; also Wong et al. 2008) . However, most theoretical contributions to phylogenetic analysis continue to involve tree building alone. Indeed, even most review articles continue to treat alignment as being about automated bioinformatics procedures (Wallace et al. 2005; Edgar and Batzoglou 2006; Kumar and Filipski 2007; Notredame 2007 ) rather than about phylogenetics (Morrison 2006; Phillips 2006) . This suggests the possibility that there have been no (or few) theoretical contributions to multiple sequence alignment that practitioners considered to be useful in phylogenetics. In other words, most phylogeneticists are prepared to do tree building in a fully computerized manner but not (yet) alignment. Here, I test this hypothesis by reviewing the current practices for multiple sequence alignment in published phylogenetic analyses, particularly with respect to differences between disciplines in the way that phylogenetic analyses are used. I also provide suggestions as to why phylogeneticists are apparently dissatisfied with computerized sequence alignment and how we might deal with it. My intention is to highlight why phylogeneticists are dissatisfied with similarity-based alignment procedures and what specifically they are doing about it in practice. I conclude that there is currently no bioinformatics approach that is acceptable for phylogeneticists and that there is thus a gaping hole that needs to be filled.
LITERATURE REVIEW
In order to quantify the current state of affairs in a range of biological journals, I reviewed each paper published in 2007 containing an original multiple sequence alignment that was based on empirical data and was used in a phylogenetic context. This involved 1280 papers in 26 biology journals (Table 1) , although nearly 8000 papers were screened. A summary of the data for each journal is available as supplementary material at http://www.oxfordjournals.org/our journals/sysbio/.
I explicitly grouped the journals into 5 disciplines based on the general purpose of the phylogenetic analyses within the context of the published papers. That is, the classification refers to the journals rather than to the individual papers-it would be impractical to try to classify each paper separately. There is thus likely to be considerable overlap between the categories, especially the first 2. However, it seems unlikely that the choice of journal is arbitrary among authors, and so the categories are meaningful in a general sense. The labels for the 5 disciplines should be seen as indicative of the general fields of the journals rather than as formal definitions, as clearly some of the papers in any one journal could fit into one or more of the disciplines.
The "general phylogenetics" papers focused on the phylogeny of whole organisms, with the phylogeny being presented as the primary result-there was no necessary use of the phylogeny for any subsequent purpose. The "systematics" journals also focused on the phylogeny of whole organisms, although the phylogeny may have been a means to a specific end (i.e., classification). The "evolution" journals usually focused on whole organisms, but the phylogeny was only one tool among many for studying evolutionary patterns; indeed, the majority of the papers in the evolution journals had no phylogenies at all and those that did do so usually used a previously published one. The "molecular biology" journals usually focused on gene phylogenies, with the phylogeny being used as a tool for studying molecular evolution. The "microbiology" journals have guidelines stating that a phylogenetic context is required for the publication of new taxa (e.g., Christensen et al. 2007) , so that their organismal phylogenies are part of a "publication pipeline."
The discipline of "evolutionary ecology" was excluded because most of the published studies involved intraspecies comparisons, where the high sequence similarity precludes the need for automated alignment; "genetics" was excluded because there were few original phylogenetic analyses; and "genomics" was excluded because the procedures for whole-genome alignment are usually quite different from those for gene alignments.
For the purposes of comparison, I have treated the percentages of papers as being "significantly different between disciplines" if the respective 95% score binomial confidence intervals (Newcombe 1998) do not overlap the other means.
When the disciplines differed with respect to alignment procedures, it is clear (Table 1) that they formed 3 groups: general + systematics, evolution + molecular biology, and microbiology. For example, wholly automated alignments appeared in 75% of the microbiology papers, 50-55% of the evolution and molecular biology papers, and only 20-25% of the general and systematics papers. As I think most readers will be expecting, the Clustal program dominated the automated part of most of the alignment procedures, being cited in from one-half to two-thirds of the papers (Table 1) .
What is perhaps more surprising is the very large drop to the next group of programs, where there were many contenders but no clear winner. It has been shown several times in the past few years (see below) that MAFFT and ProbCons are the best performing of the programs based solely on maximizing sequence similarity, followed by T-Coffee and Muscle. However, this message does not seem to have affected phylogenetic practice, as MAFFT and ProbCons together contributed to <2% of the papers (Table 1) .
There thus seems to be a contradiction here: if Clustal is being used, then similarity is being accepted as a valid criterion for alignment (which it will often not be; see below), and yet the best-performing similaritybased programs are not being widely used. The choice of Clustal may thus represent historical inertia rather than any form of active preferential choice. For example, editorial policies and the process of peer review may be influential here, in the sense that it may be easier to get a paper published if its procedures match all previous papers. Differences in editorial policies and peer reviewers are expected to lie at the heart of many of the differences observed between my 5 categories, in the sense that specialist phylogeneticists are likely to be more prevalent in some disciplines than in others. Training in phylogenetic analysis (or lack of it) by both authors and reviewers is also likely to be important.
It has also been suggested that alignment and tree building should be combined into a single procedure, thus uniting primary and secondary homology assessment. Algorithmically this is a complex (and thus slow) procedure, and so it is unlikely to be favored by those researchers for whom phylogeny is but one tool among many. Its use has thus been restricted, so far (Table 1) . Indeed, the most commonly used of these programs is POY, and it is confined largely, but not entirely, to papers in the journal Cladistics.
The use of a previous (trusted) alignment as the basis for any subsequent alignment that involves the same sequences has been called jump-starting alignment (Morrison 2006) . This is simply an attempt to "not reinvent the wheel" every time an alignment is needed. This idea was explicitly stated to have been used by only a few practitioners (Table 1) , although it may well have been an unstated part of many of the manual alignments. This is particularly surprising in the case of microbiology, as there are 2 database projects (ARB + SILVA and RDP) that were specifically developed to provide validated ribosomal RNA (rRNA) alignments for microbiologists to use as part of their publication pipeline. This situation may change with the recent release of the STAP (Wu et al. 2008 ) and the All-Species Living Tree (Yarza et al. 2008) projects, both of which are specifically designed to provide sequence identification for microbiologists in the context of a phylogenetic alignment.
In terms of automated alignment procedures, perhaps the most frustrating descriptions that I repeatedly encountered were that "the sequences were aligned using BioEdit," without any indication as to whether this was done by hand or by using Clustal as a plug-in, and that "the sequences were aligned using MegAlign," without indicating which of its 4 automated procedures was used. Clearly, use of a computer program does not ensure repeatability of the analysis, at least as far as published descriptions are concerned (cf. Kjer et al. 2007) . Perhaps the most bizarre description that I encountered (more than once) was that the alignment was produced using BLAST, whereas the phylogenetic tree was produced using Clustal! From the point of view of the commentary that follows, the most important information in Table 1 is that in both the general and the systematics categories the majority of the practitioners (78% and 76%, respectively) explicitly stated that their alignment procedure involved manual intervention, either by modifying the output from a computer program or by manually constructing the alignment from the start. The number of such practitioners was smaller for the evolution (52%) and molecular biology (55%) groups and even smaller for microbiology (26%). Molecular biologists were as ready as general phylogeneticists and systematists to modify their computer-generated alignments (33% in all 3 disciplines) but much less willing to manually create them (22% vs. 45% and 43%, respectively).
So, whereas tree building is almost always a wholly computerized procedure, alignment is often not, perhaps depending on the context. That context may consist of many things. For example, alignment ambiguity is known to increase with evolutionary distance among the sequences. It is also possible that the size of the data sets may affect willingness to manually evaluate an alignment (cf. Wong et al. 2008) . Perhaps the most important context is likely to be the purpose to which the resulting tree is applied-if the tree is merely one aspect of a large project, then it might receive less individual attention.
For any manual procedures, there is an important distinction between those where unexplained, and presumably subjective, decisions are made and those where there is an explicitly stated optimality criterion. This distinction is important because the main problem with manual data analyses (of any sort) is that they may be unrepeatable, in any sense of the word that is relevant to science. By this I mean that we do not expect that repeating a scientific experiment will lead to exactly the same data, but we do expect that repetitions will lead to very similar data and, most importantly, that they will lead to the same substantive conclusions. Manual sequence alignments will be repeatable in this sense when there is an explicit criterion for the manual procedure, as shown by Kjer et al. (2007) . So the distinction between a manual alignment (or manually adjusted alignment) based on a specifiable criterion and one where the criterion is not specified is that the former is scientific, in the sense that an independent attempt to repeat the same experiment is likely to lead to approximately the same end point. That is, it is repeatable. Sadly, the majority of the manual involvement in multiple sequence alignment was not based on any specified criterion (Table 1) , irrespective of discipline, often because the descriptions were too vague to identify any criterion. Vague descriptions may simply reflect an unwillingness to spend time trying to describe manual methods in each and every paper rather than lack of specific criteria. It may also reflect a lack of awareness that alignment procedures can have a profound affect on the resulting phylogeny, or perhaps an expectation that subsequent processing of the data (e.g., using GBlocks or SOAP, which were sometimes cited) will deal with any issues that have arisen.
Nevertheless, generalist phylogeneticists were much more likely to specify a criterion than were people in the other disciplines, followed by systematists, then evolutionists and molecular biologists, and finally microbiologists. I interpret this as indicating that generalist phylogeneticists are the group who most feel that 1) the unadulterated output from similarity-based alignment programs is inadequate for their purposes (hence the manual modifications) and 2) there is currently no program available for establishing homologies in the first place (hence the manual alignments). This may reflect their specialist expertise in phylogenetic analysis, which may not be shared by many of the people who use phylogenetic analysis simply as one of many tools. Specialists are more likely to be aware of the inadequacies of their tools than are nonspecialists. This difference is likely to carry through to editorial policies and peer review as well.
Finally, only a handful of papers compared (however briefly) the results of several alignment procedures. Indeed, even over the past several years there have been few papers where the authors have made a point of doing so (e.g., Prychitko and Moore 2003; Creer et al. 2006; Hedin and Bond 2006; Burbrink and Lawson 2007) . This contrasts very strongly with tree-building analyses, where it is routine to present and compare trees produced by more than one procedure. This is a point initially emphasized by Hogweg and Hesper (1984) , who recognized the duality of alignments and trees and studied variation in both.
In passing, it is worth noting that molecular phylogenetics is dominated by the thinking of systematics, not of molecular biology (i.e., the alignment procedures in the general group match those of systematics rather than those of molecular biology). This appears to run counter to the contention of Felsenstein (2004) that systematics has been irrelevant to the phylogenetics revolution.
COMMENTS
Having demonstrated that the question posed in my title is a valid one, I now proceed to offer some possible answers. These answers will be provided within the framework of a historical overview. This is not because I have any particular interest in history itself, but because I think there is much to learn from that history and the response (or lack of response) of phylogeneticists to it.
In what appears to be the first published study of intraspecific variation using DNA sequences (Kreitman 1983) , the author provided a very carefully considered multiple alignment based on explicit recognition of tandem repeats and RNA stem structures within the study gene. This was very much in line with traditional approaches to the assessment of homologies prior to phylogenetic tree building, for example when using phenotypic characters (Morrison 2006) . Shortly afterward, practical computerized procedures were developed based on dynamic programming for pairwise alignment based solely on maximizing similarity and based on the progressive alignment strategy for multiple alignment (Hogweg and Hesper 1984) . Then the Clustal computer program was released, which implemented these procedures in a usable manner for PCs (see Larkin et al. 2007) . Clustal now (at its 20th birthday) has ∼35 000 ISI literature citations, indicating that this approach has come to dominate computerized multiple alignments in all sequence analyses, not just in phylogenetics.
There are 2 important points to be made about this early part of the history. The first is that although similarity-based alignments rapidly came to dominate sequence analysis, they have not necessarily done so in phylogenetics. It is a basic tenet of phylogenetics that similarity = homology, and so there is no necessary expectation that a procedure based on maximizing similarity will produce an alignment that represents hypotheses of positional homology between the residues. The preponderance of manual adjustments to Clustal alignments indicates that the program does not, of itself, produce multiple alignments that are considered to be suitable for phylogenetic analysis-it may provide a convenient starting point for alignment, but that is all.
The second point to be made is that sequence alignment in phylogenetics started out by explicitly assessing molecular mechanisms that might lead to sequence variation and then presenting an alignment that reflected those mechanisms. The development of computerized alignment procedures completely ignored this beginning, not out of ignorance, but simply because there can be no objective function to optimize when evaluating homologies because homology is based on unobservable (unique) historical events. Similarity, on the other hand, provides a convenient objective function because it can be measured in many ways (nucleotide, amino acid, codon, genome, chromosome, phenotype, etc.). Unfortunately it seems that many bioinformaticians have not grasped the distinction, because most theoretical papers on multiple alignment start with a definition involving homology and then immediately ignore that definition by pursuing similarity alone. I contend that the preponderance of manual alignments is simply a reflection of the fact that phylogeneticists do recognize that similarity-based alignments are not likely to be homology alignments. I will return to this point below.
Although the search for the globally optimal similarity alignment is continuing (e.g., Schroedl 2005), the subsequent history of sequence alignment has actually been specialization, based on recognition of the fact that homology of residues is not necessary for many studies of molecular evolution. Most of this specialization has involved the development of bioinformatic algorithms that may have little to contribute to phylogenetic practice. Here I will recognize 4 specializations with different alignment objectives (cf. Morrison 2006 Morrison , 2008 : 1) structure prediction, 2) database searching, 3) sequence comparison, and 4) phylogenetics.
The goal of structure prediction is to deduce the secondary and tertiary structure of the gene product from a given gene sequence. This involves aligning spatially related residues irrespective of whether they are homologous or not. Two examples, one based on a protein-coding sequence and one on an intron-coding sequence, are shown in Figs 1 and 2 , illustrating the fact that structure alignments are not necessarily the same as homology alignments because structural roles may shift between residues during history. The specialist strategy has thus been to develop algorithms for predicting structure based on (current) spatial relations not on (historical) homology relations, and the subsequent multiple alignments reflect this (e.g., Katoh and Toh 2008; Pirovano et al. 2008; Wilm et al. 2008 ). Many databases of structure-based alignments now exist to assist with jump-starting new alignments (see Morrison 2006; also Pruesse et al. 2007 ).
The goal of alignment for database searching (the second specialization) is to maximize the distinction between homologous and nonhomologous sequences. The first gap involves a change in structure/function for the T at position g1 in seq2 because the tandem repeat occurs in the middle of the codon: the T is involved in coding for a different amino acid (codon TTC, at positions g1, g2, and g3) after insertion of the repeat compared with beforehand (codon TAT, at positions g1, i2, and i3). Thus, the homology alignment does not match the structure/function alignment, as the structure alignment would align the g1 Ts in seq1, seq3, and seq4 with the i1 T in seq2. The second gap involves 2 tandem repeats (first GTATTT and second GTA). The amino acid at position p (or q) is involved in both repeats, so that it is not part of an indivisible block. VOL. 58 FIGURE 2. Part of the trnL intron for species of Sphagnopsida, Bryopsida, Funariaceae, Polytrichaceae, Microdus, and Aplodon, showing a stem-forming region (the original data are from Quandt and Stech 2005) . (a) The first scenario involves a tandem repeat AAA shared by seqs3-5 (boxed), followed by insertion of a T shared by seqs5-6. The insertion of the T causes a structure/function shift in the homologous As, which for seqs5-6 can pair in the stem after the insertion, but not before. This is shown in the equivalent structure alignment (b), which uses || to delimit the 2 paired regions of the stem and [] to delimit the (unaligned) loop region of the stem. (c) The second scenario involves independent tandem repeats of AAA (shared by seqs3-4) and AAAT (shared by seqs5-6) (boxed). The 2 scenarios for homology (shown in a and c) each involve 2 events, and so no choice between them can be made unless there is some weighting scheme for the different events (insertions vs. tandem repeats).
Homologous molecules can be detected without any necessary knowledge of homologies among the residues. Strategies developed for this purpose have involved multiple alignments based on "intermediate" sequences (Park et al. 1997 ), which do not need to be homologous sequences, but merely similar sequences that form a continuum of variation among the study sequences. Algorithms have been developed for combining multiple sequences based on positional probabilities, such as conserved motifs, profile alignments, and Markov models (Freyhult et al. 2007) , and many databases of aligned "conserved domains" now exist to assist with jump-starting alignments. Clearly, the use of intermediate sequences does not necessarily involve homology of the aligned residues, but the resulting alignments can nevertheless be effective (e.g., Pei and Grishin 2007; Katoh and Toh 2008) .
The major goal of alignment for sequence comparison is to juxtapose residues representing conserved sequence features (e.g., functional sites). Because functional roles may shift between residues during history, as illustrated by an example in Sadreyev and Grishin (2004) , function alignments are not necessarily the same as homology alignments. Although many specialist programs are now being developed for particular subsets of sequence comparison (e.g., motif recognition, binding sites), all the multiple alignment programs commonly used in phylogenetics were originally developed for sequence comparison. This implies that modern developments in this area might be directly applicable to phylogenetic analyses, at least in practice.
There have been 3 main recent developments: 1) the idea of combining the results of different alignment strategies (e.g., T-Coffee and MAFFT combine local and global alignments); 2) consistency has replaced sum of pairs as the optimality criterion for progressive alignment (e.g., T-Coffee uses an "extended library," ProbCons uses "probabilistic consistency," and MAFFT uses a "consistency score"); and 3) iterative refinement makes the procedure faster and more effective (e.g., Muscle and MAFFT can correct initially misaligned regions). These developments have detectably increased the accuracy of similarity-based multiple sequence alignment (see references cited by Morrison 2006; also Notredame 2007) . However, few of these historical developments seem to have affected phylogenetic practice. The MAFFT program, in particular, combines all 3 improvements (Katoh and Toh 2008) , so that it is faster and more accurate than Clustal and yet its current use in phylogenetics is minuscule.
Based on my literature review, consideration of structural relations was the most commonly cited of the recent developments, but it often did not involve any automated procedure. Protein-coding sequences were frequently aligned based on codons (i.e., their secondorder structure), but this was just as likely to be via manual adjustment of a nucleotide alignment as via an automated alignment of a set of translated sequences. Almost all structure-based alignments of rRNA-, transfer RNA-, and intron-coding sequences were performed manually. Jump-starting alignments based on structure databases were rarely used except in microbiology, where the ARB project was the most commonly cited one. Perhaps this reflects a feeling that the current databases of structure-based alignments are not particularly user-friendly. Both the STAP and the All-Species Living Tree projects (referred to above) now provide easily used structure-based rRNA alignments for all organisms. This may provide some encouragement to nonspecialist users. It is also clear that relatively few published alignments are freely available in a form that facilitates their use for jump-starting (e.g., easily located and fully annotated), although some repositories do exist.
So it seems to me that phylogeneticists are ignoring historical developments in automated alignment procedures, particularly those involving primary sequence similarity. The simplest explanation for this (other than lack of awareness on the part of phylogeneticists) is that improvements in sequence similarity do not necessarily affect phylogenetic analyses because manual modification of the alignment will usually occur anyway. That is, improving similarity does not necessarily improve homology assessment. Indeed, manual modification of alignments is so prevalent in phylogenetics that I even encountered one paper where the authors felt it worthwhile to explain why the computerized alignment was not manually modified.
Given that the goal of phylogenetic analysis is to produce hypotheses of evolutionary homology among the residues, residues should be aligned only if they have descended from a common ancestral residue. Residue homology is thus the essential component in the definition of a phylogenetic alignment (the fourth of the specialist goals that I listed for alignment). Because it is often claimed that homologies can only be recognized on a phylogenetic tree, where they appear as synapomorphies, it seems inevitable that phylogeneticists might be interested in procedures that combine primary and secondary homology assessment. This involves a single integrated analysis rather than separate production of an alignment and a tree.
There are 2 basic philosophies to performing a single (combined) phylogenetic analysis (see Morrison 2006) : an alignment-free method based on parsimony (optimization alignment using the POY program) and a likelihood method that combines alignment and tree building by explicitly including a model of indels with a model of substitutions (statistical alignment, using BaliPhy, AliFritz, or StatAlign). There are various philosophical issues to adopting either method (Simmons 2004; Rieppel 2007; Morrison 2008) , along with the important issue of allowing for uncertainty in alignment when evaluating trees (Lunter et al. 2008) . However, none of these theoretical issues are likely to have much effect on phylogenetic practice.
In practice, the main issue will be whether the resulting alignments (an implied alignment in the first method and an explicit alignment in the second) match what phylogeneticists want. In both cases, there are now several evaluations based on simulated data (Ogden and Rosenberg 2007) and empirical data (Carroll et al. 2007; Morrison 2008) , that show these methods currently to be ineffective. Indeed, these are among the worst-performing multiple alignment methods (although see Lehtonen 2008) .
There seems to be one overriding limitation for both methods that makes them currently poor: the models on which they are based are inadequate. The indels inserted into the alignment by both methods can currently be based only on single residues or on indivisible blocks of residues. For example, optimization alignment can proceed via direct optimization or iterative pass optimization (both of which use single nucleotides) or via fixed-state optimization or search-based optimization (both use indivisible blocks), and statistical alignment can proceed via the TKF1 model (single nucleotides) or the TKF2 model (indivisible blocks). Single-nucleotide models are inadequate because many of the molecular mechanisms that produce sequence variation act on multiple residues, and indivisible-block models are inadequate because these same mechanisms can act on blocks formed by many combinations of residues. A simple example is shown in Fig. 1 .
This being so, we cannot expect combined alignment and tree building to succeed in practice, irrespective of any theoretical advantages that the particular methods may be seen to have. Until models are developed that more closely match known molecular mechanisms (i.e., involving subdivisible sequence blocks of arbitrary length), these methods are unlikely to become popular. Indeed, a comment that I encountered more than once was that manual alignment was used because "gaps of variable length cannot be dealt with using Clustal," and a similar comment can be made about the models being discussed here.
In conclusion, it seems that we cannot expect computerized alignment procedures to produce multiple alignments that are suitable for phylogenetic analyses. Similarity-based procedures, no matter how sophisticated they become, cannot overcome the essential limitation that similarity = homology, and combining alignment with tree building has not yet produced effective models for sequence variation.
There is an oft-repeated claim that sequences are easier to deal with than phenotypic characters because DNA sequences consist of only 4 types of nucleotides. However, it is straightforward to see that this fact makes homology assessment harder, not easier. The nucleotides (A, C, G, or T) form the "units" to be compared in an alignment, but the "characters" are the alignment columns and the "character states" are the nucleotides in those columns. Therefore an A in one column is not the same as an A in any other column-they are states of different characters. How does one decide which A goes in which column (i.e., which unit forms which character state)? All As look the same, so there is never any intrinsic feature that can help you answer this question. This is often not true for phenotypic characters, where there may be clear differences, for example, between wings and legs or leaves and petals. We need to find the molecular equivalent of the well-known criteria for primary homology of phenotypic characters, such as topological correspondence, special similarity, intermediate forms, ontogeny, etc. (Rieppel and Kearney 2002) .
THE FUTURE
The obvious suggestion for phylogeneticists is to return to their roots (as exemplified by Kreitman 1983) . Indeed, I contend that many of them have never left those roots, which is why manual alignment is so prevalent. The second scenario involves a shared 13-base tandem repeat (boxed) followed by a 2-base deletion. (c) The third scenario involves a shared 11-base tandem repeat (boxed) followed by an independent 2-base tandem repeat. The alignments needed to represent the second and third scenarios are identical. No choice can be made between the 3 scenarios unless there is some weighting scheme for the different events (deletions vs. tandem repeats).
There is one point that I have not made so far, and yet it is probably the single most important point of all. All the current computerized algorithms, either explicitly or implicitly, make the assumption that "substitutions and indels" involve random collections of residues. That is, all sequence variation is assumed to be a random sample from the universe of all possible sequence variation. However, this assumption is usually false in practice, and it is the falseness of this assumption that is the ultimate cause of all the problems in phylogenetic sequence alignment. The importance of this simple point has rarely been recognized by bioinformaticians (cf. Redelings and Suchard 2007; Lunter et al. 2008) . A DNA sequence is not an arbitrary string of characters (cf. "multiple sequence alignment is approximate string matching across many strings") but is a macromolecule with specific biological constraints.
Sequence variation is caused by a number of readily identifiable and well-understood molecular mechanisms, such as: duplications (copying a subsequence), particularly tandem repeats and inverted repeats; inversions (replacement of a subsequence by its reversecomplemented sequence); transpositions (exchange of subsequences between locations); translocations (removal of a subsequence and its insertion at another location); insertions (addition of a novel sequence); replication slippage (causing slipped-strand mispairing); substitutions; and deletions. Some of these events will cause length variation in the sequences (e.g., repeats and insertions) and some will not (e.g., substitutions and inversions). In all the currently available computer programs, length variation is ascribed to "indels" and all other variation to "substitutions," which appears to be an overly simplistic model. More importantly, sequence variation is clearly related to the patterns in the existing sequences, most obviously in tandem repeats (which are probably the most common cause of sequence variation; e.g., Huntley and Clark 2007;
Messer and Arndt 2007) but also in other forms of duplication as well as inversions (Kelchner 2000) .
Phylogenetic sequence alignment should involve identifying the most parsimonious set of historical events based on these recognized mechanisms rather than assuming that all the variation occurs at random. The aligned sequences are then adjusted accordingly so that they unambiguously represent those events (Morrison 2008) . That is, the events should be identified as the alignment proceeds rather than being identified after the alignment is completed-the events are used in creating the alignment rather than being a posteriori deductions from it. In short, the alignment should model molecular processes rather than similarity-based patterns. Moreover, it should be possible to annotate the alignment with all the hypothesized events (cf. Löhne and Borsch 2005; Müller and Borsch 2005; Benavides et al. 2007; Borsch et al. 2007 ), thus making the whole procedure transparent. Transparency is likely to be a more important criterion for evaluating alignments than is computerized repeatability.
I contend that this is what criterion-based manual alignment is all about. In my literature review, the most highly cited paper reflecting this attitude was that of Kelchner (2000) , although several updated papers now exist (see references cited by Morrison 2008; also Benavides et al. 2007 ). These papers provide a set of guidelines for manually aligning sequences based on explicitly identifying the molecular events that have led to the observed sequence variation. Gaps can be created by many different types of events, and these need to be distinguished, as the alignment might be different for different events (see the examples in Figs 2  and 3) . Moreover, the molecular mechanisms are likely to occur with different frequencies in different sequence types; for example, tandem repeats are very common in both protein-and intron-coding sequences, whereas inversions are most commonly reported in noncoding sequences (Kim and Lee 2005) . This means that it is likely to be inappropriate to apply a single similaritybased algorithm to sequences that code for proteins, structural RNAs, and also noncoding sequences.
Although there are potential advantages to manual alignment (such as detecting sequence errors), the basic practical problem here is that it is inefficient, and there is currently no computerized algorithm for producing alignments of this type. No computer program implements this philosophy because none of them are explicitly designed to do so. In particular, identifying events involves evaluating all the sequences simultaneously (e.g., looking for shared motifs involved in tandem repeats), which is something that progressive alignment programs cannot do (even those based on consistency and iterative refinement). This is where there is a bioinformatics hole that needs to be filled.
It is easy enough to develop an algorithm based on this idea. For example, algorithms already exist that could be used to identify all the possible events in a set of sequences, based on single sequences (e.g., for tandem and inverted repeats) and pairs of sequences (e.g., for inversions and insertions), which would create a "library" of possible local alignments (cf. Sammeth and Stoye 2006; Vellozo et al. 2006) . From this library, it would then be possible to choose the most parsimonious scenarios, based on relative weights for the different events, to combine the local alignments into a global alignment. Such an alignment would be optimal with respect to the molecular mechanisms that lead to sequence variation rather than with respect to similarity. However, the idea of listing all equally parsimonious combinations of events is likely to be an impractical approach.
A perhaps more feasible approach would be to create a preliminary alignment as a basis for identifying the suite of "most likely" events and then adjust this alignment to explicitly represent the hypothesized scenarios. This would not guarantee global optimality, but it is likely to produce a good approximation. This approach could be the basis of a new all-in-one computer program, or it could be automated by allowing preexisting programs to interact with each other so that the issues raised here can be addressed. Alignment for phylogenetic purposes is likely to be an iterative procedure as evidence is drawn together from different sources, but there is currently no convenient way to combine and evaluate that evidence.
I contend that this process is actually the basis of the current preponderance of manual adjustments of similarity-based alignments, at least those based on specified criteria. In essence, the suggestion here is simply one of automating the current manual and semimanual procedures. Indeed, Morrison (2008) has addressed this issue in a preliminary way, and came to the conclusion that the similarity-based alignments produced by MAFFT and ProbCons are among the best starting points for manual adjustment.
Character weighting has been a thorny issue in phylogenetics, although all progressive alignment strategies use weights as gap-opening and gap-extension "penalties." At the moment there is no consensus as to how to weight the alternative molecular events, but it is clearly necessary to do so if a single "optimal" alignment is to result. Some simple examples are illustrated in Figs 2 and 3. Even if weights are used, choosing among alternative options may still require a set of conventions, such as how to treat blocks of variable-length homonucleotide repeats. Indeed, all alignment algorithms implicitly adopt such conventions, as can be shown by using the "heads or tails" method of Landan and Graur (2007) .
Thus, although no current algorithm implements the ideas discussed here, it is technically feasible to do so, and this would remove the (demonstrated) current need for manual and manually adjusted multiple alignments for use in phylogenetic analyses in a manner that should be acceptable to all phylogeneticists.
CONCLUSIONS
The take-home message that I get from my survey is that sequence alignment for phylogenetic purposes is not, at the moment, a bioinformatics issue-it is a biological issue. Much more thought needs to be given to what are the biological criteria for a phylogenetic alignment. Only then can we search for a computational solution for automating sequence alignments. Biologists have not yet provided bioinformaticians with an objective function that can describe homology, and therefore there is nothing yet for those bioinformaticians to optimize in an automated alignment procedure. In the meantime, the ability to perform manual alignments and manual adjustments is part of the expertise of all specialist phylogeneticists. Similarity-based alignments and tree-based alignments may currently provide heuristic starting points for a phylogenetic alignment, but that is all.
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